Membrane currents from single smooth muscle cells enzymatically isolated from canine renal artery were recorded using the patch-clamp technique in the whole-cell and cell-attached configurations. These cells exhibited a mean resting potential, input resistance, membrane time constant, and cell capacitance of -51.8±2.1 mV, 5.2±0.98 GfQ, 116.2±+16.4 msec, and 29.1±2.0 pF, respectively. Inward current, when elicited from a holding potential of -80 mV, activated near -50 mV, reached a maximum near 0 mV and was sensitive to the dihydropyridine agonist Bay K 8644 and dihydropyridine antagonist nisoldipine. Two components of macroscopic outward current were identified from voltage-step and ramp depolarizations. The predominant charge carrier of the net outward current was identified as K' by tail-current experiments (reversal potential, -61.0±0.8 mV in 10.8 mM [K+]0/140 mM [K+];). The first component was a small, low-noise, voltageand time-dependent current that activated between -40 and -30 mV (IK(dr)), and the second component was a larger, noisier, voltageand time-dependent current that activated at potentials positive to +10 mV (IK(Ca)). Both IK(dr) and lK(Ca) displayed little inactivation during long (4-second) voltage steps. IK(C,) and lK(dr) could be pharmacologically separated by using various Ca2' and K' channel blockers. IK(Ca) was substantially inhibited by external NiCI2 (500 ,M), CdCI2 (300 MM), EGTA (5 mM), tetraethylammonium (K; at +60 mV, 307 MM), and charybdotoxin (100 nM) but was insensitive to 4-aminopyridine (0.1-10 mM). IK(dr) was inhibited by 4-aminopyridine (Ki at +10 mV, 723 ,uM) and tetraethylammonium (K; at +10 mV, 908 ,uM) but was insensitive to external NiCI2 (500 ,M), CdCI2 (300 ,uM), EGTA (5 mM), and charybdotoxin (100 nM). Two types of single K' channels were identified in cell-attached patches. The most abundant K' channel that was recorded exhibited voltage-dependent activation, was blocked by external tetraethylammonium (250 ,uM), and had a large single-channel conductance (232±f12 pS with 150 mM K' in the patch pipette, 130±+17 pS with 5.4 mM K' in the patch pipette). The second channel was also voltage dependent, was blocked by 4-aminopyridine (5 mM), and exhibited a smaller single-channel conductance (104±8 pS with 150 mM K+ in the patch pipette, 57±6 pS with 5.4 mM K' in the patch pipette). These results suggest that depolarization of canine renal artery cells opens dihydropyridine-sensitive Ca2+ channels and at least two K+ channels. The two time-dependent K+ currents (IK(Ca) and IK(d,)) reflect the behavior of two distinct K' channels. According to the pharmacology of the whole-cell and single-channel experiments, IK(Ca) is primarily carried by the large conductance Ca2+-activated K' channel, and lK(dr) is carried by the smaller conductance delayed rectifier K' channel. (Circulation Research 1992;71:745-758) KEY WoRDS * vascular smooth muscle * renal artery * ionic currents * Ca2+ channels a K+ channels T he development of the patch-clamp technique' has greatly facilitated the examination of voltage-dependent ionic currents in a variety of vascular smooth muscle cell preparations. Two components of voltage-dependent Ca2`current are activated by depolarization in many of these cells. The two currents can be distinguished by their kinetics of activation and inactivation, sensitivity to blockers, and single-channel conductance.2-4 These two components are called T-and L-type currents and appear to be carried by two distinct populations of Ca2' channels.5 A variety of macroscopic K' currents has been studied in different vascular smooth muscle cells. When the whole-cell voltage-clamp technique is used, the current most often described is a Ca2'-, time-, and voltagedependent K' current.6-10 This current is sensitive to extracellular tetraethylammonium (TEA), EGTA, or Mn2', and the underlying single channel that is responsible for this current is thought to be the large conductance Ca2'-activated K' channel. These channels are also believed to be responsible for spontaneous transient outward currents, which have been described in the rabbit ear artery6 and portal vein.9 They are presumably activated by quantal release of Ca2' from the sarcoplasmic reticulum. A second type of K' current in vascular smooth muscle cells has been described as a delayed rectifier current. This current has been characterized in the rabbit portal vein9,11 and feline cerebral
artery.12 This K' current is insensitive to Ca2 , inhibited by 4-aminopyridine (4-AP), and exhibits slow inactivation. A 50 or 5 pS channel described in the rabbit jejunum13 or portal vein,11 respectively, may underlie the delayed rectifier current. Finally, in rabbit portal vein a quasi-instantaneous, time-independent background K' current has been described,9 which might contribute to the resting potential of the cell. The single channels responsible for this current have not been identified.
There is presently little information available on the electrophysiological properties of renal arterial smooth muscle cells despite the physiological importance of this vascular bed for the control of renal blood flow. The present study was undertaken to characterize the passive electrical properties and identify the whole-cell and single-channel currents of canine renal arterial cells. In particular, we were interested in identifying the singlechannel currents responsible for the macroscopic whole-cell K' currents in these cells. Although much information on K' currents in smooth muscle has been provided in earlier studies, few studies have actually attempted to make a direct correlation between the various components of macroscopic K' current and the underlying single-channel currents. Our results provide evidence for a dihydropyridine-sensitive Ca21 current and at least two pharmacologically distinct macroscopic K' currents in renal artery cells: a delayed rectifier current (IK(dr)) and a Ca2+-activated outward current (IK(Ca)). The single K' channels responsible for IK(dr) and IK(Cal) have been identified and have unitary conductances in physiological K' gradients of 57 and 130 pS, respectively.
Materials and Methods

Single-Cell Isolation Procedure
Mongrel dogs of either sex were euthanatized with pentobarbital (45 mg/kg), and the main renal artery was removed and placed in cold, oxygenated (95% 02-5% C02) physiological saline solution (PSS). The vessel was carefully dissected free of fat and connective tissue under a dissecting microscope. The renal artery was then cut into small pieces (;4 4x4 mm) and incubated at room temperature in Ca2+-free PSS for 30 minutes. The pieces were subsequently resuspended in Ca2+-free PSS digestion buffer for 20-30 minutes at 37°C. The Ca2`free PSS digestion buffer contained (mg/10 ml) collagenase (151 units/mg, Worthington Biochemical Corp., Freehold, N.J.) 10 , bovine serum albumin 20, trypsin inhibitor 20, ATP (sodium salt) 1.1, and protease (type XXIV, Sigma Chemical Co., St. Louis, Mo.) 1.0. After the digestion, the pieces were removed from the digestion buffer, rinsed in Ca2`-free PSS, and gently triturated until a large number of elongated smooth muscle cells were observed. The isolated cells were collected and stored at 4°C until used. Cells were used between 2 and 10 hours after isolation.
Current Recording and Analysis
An aliquot of single renal arterial smooth muscle cells in suspension was added to the recording chamber (0.5 ml) mounted on a Nikon Diaphot microscope. Solutions were superfused through the chamber by gravity at a rate of 1.5 ml/min. Experiments were performed at room temperature. Single cells were voltage-clamped, and membrane currents were measured using the whole-cell or cell-attached configurations of the patchclamp technique.' Patch pipettes were made from borosilicate glass capillaries, pulled on a vertical puller (model PP-83, Narishige Scientific Instrument Laboratory, Tokyo), and fire-polished with a microforge (model MF-83, Narishige); the pipettes had resistances of 1-3 and 5-10 MQ1 when filled with the whole-cell and cell-attached solutions, respectively. To measure singlechannel currents in the cell-attached patches, a gigaseal was formed (seal resistance, >20 Gfl) between the cell membrane and the pipette by applying negative pressure. To measure whole-cell currents after gigaseal formation, access to the cell interior was obtained by rupturing the membrane at the tip of the pipette with additional negative pressure. Series resistance was compensated for by 60-80%.
Voltage-clamp command potentials, either step (holding potential, -80 mV) or ramp (-80-+80 mV for 4 seconds) depolarizations, were applied to the cells and isolated patches, and membrane currents were recorded using an Axopatch-1D patch-clamp amplifier (Axon Instruments, Burlingame, Calif.). Membrane current was monitored on a digital oscilloscope (model 9094, Nicolet Instrument Corp., Madison, Wis.), and data were either digitized on-line or at a later time with an analog-to-digital interface (Labmaster TL-1 DMA Interface, Axon Instruments). Data that were digitized on-line were stored on an IBM-AT computer; data that were digitized off-line were recorded on FM tape (Racal-Dana Instruments, Inc., Irvine, Calif.) at tape speeds of 3.75 in./sec. Whole-cell currents were filtered at 2.0 kHz and digitized (2,048 points) at either 2.0 kHz (600-msec steps), 1.0 kHz (5-second steps), or 0.5 kHz (ramps). Single-channel currents were filtered at 2.0 kHz and digitized at 10 kHz. All data analysis was performed with PCLAMP 5.5.1 software (Axon Instruments). Leakage current subtraction was only performed on data presented for inward Ca2+ current experiments (Figure 4 ).
Solutions
The PSS used during cell isolation procedures contained (mM) NaCl 120, NaHCO3 20, KCl 4.2, KH2PO4 1.2, MgCl2 0.5, CaCl2 1.5, D-glucose 5.5, and HEPES 10 (pH 7.35 with NaOH). When the cells were in the digestion buffer, the PSS contained the above ionic composition except the CaCl2 was omitted. For all whole-cell voltage-clamp experiments examining outward currents, the bath solution contained (mM) NaCI 130, NaHCO3 10, KCl 4.2, KH2PO4 1.2, MgCl2 0.5, CaCl2 1.5, D-glucose 5.5, and HEPES 10 (pH 7.4 with NaOH). In experiments in which external CaCl2 was omitted, an equal concentration of MgCl2 replaced it to minimize possible changes in surface charge. When TEA or 4-AP was used (at concentrations >0.5 mM), an equimolar concentration of NaCl was removed to balance the osmolarity. The pipette solution for the whole-cell experiments contained (mM) potassium gluconate 120, KCl 20, MgC12 0.5, EGTA 0, 0.1, or 5 (as stated in the figure legends), ATP (magnesium salt) 5, and HEPES 5 (pH 7.2 with KOH). In some experiments, inward currents were studied by replacing the KCl, KH2PO4, and CaCl2 in the external solution with (mM) TEACI 5, CsCI 20, and BaCl2 10, respectively, and the potassium gluconate and KCI in the internal solution were replaced with (mM) TEACI 120 and CsCI 20 (pH 7.2 with CsOH), respectively.
For cell-attached single-channel recordings, the bath solution contained (mM) potassium gluconate 130. KCl 10, MgCI2 0.5, CaClI 1.5, D-glucose 5.5, and HEPES 10 (pH 7.2 with KOH). With a gluconate-containing solution, the Ca>2 activity was approximately 300 iM,"14 thus ensuring that the cells would not contract. The pipette solution was the same solution that was in the bath or one in which there was KCI (5.4 mM) and NaCl (140 mM) substituted for the potassium gluconate (130 mM) and the KC1 (10 mM). For some single-channel experiments, TEA and 4-AP were added to the pipette and bath solutions, respectively. Nisoldipine was a gift from Miles Inc., West Haven, Conn., and was made up in polyethylene glycol (10`M). (±)Bay K 8644 was obtained from Calbiochem Corp., La Jolla, Calif., and was made up in ethanol (10-2 M). Neither polyethylene glycol nor ethanol had any effect on Ca> or K' currents at the concentration of vehicle used (0.2%). Charybdotoxin was obtained from Peninsula Laboratories, Inc., Belmont, Calif., and the stock was 10`M in 150 mM NaCl. All other chemicals were from Sigma unless otherwise stated.
Statistics
Results are expressed as mean-+-SEM. Statistical significance was evaluated using Student's t test for unpaired observations. Differences were considered significant at p<0.05. n corresponds to the number of cells examined. Membrane currents were measured from the zero current level. Inward current measurements reflect peak current, and outward current measurements reflect an average of the sustained outward current.
Results
Contractile and Passive Electrical Properties
Experiments were carried out on relaxed spindleshaped cells similar to the cell shown in Figure 1A . Angiotensin II has been demonstrated to cause direct vasoconstriction of the renal vasculature in dogs.'5 As shown in Figure IB , these cells contracted in response to angiotensin II (10 nM) exposure or an increase in bath K' concentration (not shown). These contractions were partially reversible in most cells tested. These observations suggest that the cells are viable and have the necessary extracellular receptors and intracellular machinery necessary to initiate contraction.
Current-clamp experiments were carried out to elucidate the passive electrical properties of renal arterial cells. In 24 cells, the length ranged from 88 to 188 gm (mean, 119.5+9.5 gm), and the width ranged from 5 to 13 ,um (mean, 8.8±0.93 gm). The resting membrane potential of the cells examined ranged between -35 and -70 mV with a mean of -51.8±2.1 mV (n=24). This value is in the range of resting membrane potentials reported for other types of isolated smooth muscle cells.9' 161 Using small hyperpolarizing current pulses, to cause no more than a 10-mV change in membrane potential, we calculated the membrane input resistance, membrane time constant, and the total cell capacitance. Mean values for these parameters were 5.2+0.98 Gfl, 116.2+ 16.4 msec, and 29.1± 2.0 pF (n 24), respectively. In all of the cells examined, the application of larger depolarizing pulses of current that changed the membrane potential by as much as 20-30 mV failed to elicit action potentials. Figure 2 illustrates examples of membrane currents elicited during voltage-step and ramp depolarizations in 1.5 mM bath Ca 2> and no EGTA in the whole-cell pipette solution. In four cells, step depolarizations from a holding potential of -80 mV to potentials more positive than -50 mV elicited small inward currents followed by the activation of outward currents ( Figure  2A ). Outward current was activated between -40 and -30 mV, was time dependent, and increased as the test potential became more positive. Outward currents were also observed in the same cell in response to voltage ramps ( Figure 2B ). No net inward current was evident, but there was a suggestion, based on different slope conductances and noise characteristics, that at least two distinguishable components of outward current were evident. The fact that no inward current was resolvable may be due to the speed at which the voltage-ramp protocol was performed (40 mV/sec), which might cause inactivation of the inward current. The mean currentvoltage relations for the net inward and outward currents elicited by voltage-step depolarizations are plotted in Figures 2C and 2D . Net inward current was activated at potentials more positive than -50 mV and reached a maximum at 0 mV (-33.5±2.6 pA, n=4, Figure 2C The apparent reversal potential for this inward current was more positive than +30 mV. Outward currents ( Figure 2D , n=4) were activated at potentials more positive than -40 mV and increased in amplitude at positive membrane potentials. In a small percentage of 80 
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-80 mV -140 50 ms FIGURE 3. Recordings of the tail current reversal potential using a two-pulse protocol. In this experiment, the bath solution contained 10.8 mM K, and the tail currents reversed near -60 mV The potassium reversalpotential was calculated to be -65.8 mV The pipette solution contained 5 mMEGTA. experiments (<25%), spontaneous transient outward currents69 were sometimes superimposed on the large noisy current during both voltage-step and ramp depolarizations (data not shown). To verify that K' was the major charge carrier of the net outward current, external [K'] was varied, and tail currents were examined using a double-pulse protocol (Figure 3 , n=7). The cells were depolarized to +80 mV from a holding potential of -80 mV for 300 msec.
Immediately afterward, the membrane potential was then stepped back to various test potentials for 120 msec to estimate the reversal potential of the tail current. Dialysis of the cell with cesium and tetraethylammonium and using Ba2+ as the charge carrier revealed an inward current when a voltage-step depolarization to 0 mV was applied. The current tracings were recorded in control solution (a), 1 ,uM Bay K 8644 (a), and 1 ,uM nisoldipine in the continued presence of Bay K 8644 (A). The pipette solution contained no EGTA. Panel B: The mean (n=4) current-voltage relation is plotted for the currents in control solution, Bay K 8644, and nisoldipine in the continued presence of Bay K 8644.
(n=4), respectively, and at +30 mV, r, and i2 were 13.9±0.6 and 67.2±3.3 msec (n=4), respectively. This biexponential decay of tail currents is consistent with one or more types of K+ channel contributing to the macroscopic currents.
Pharmacological Characterization of Inward Current
When TEA and cesium replaced K+ in both the bath and pipette solutions, outward currents were eliminated. However, under these conditions a small, voltage-dependent, slowly inactivating inward current was evident ( Figure 4 ). In this experiment, 10 mM Ba`+ was the charge carrier of the inward current. Panel A illustrates three voltage-clamp depolarizing steps to 0 mV in control solution (0), in the presence of the calcium channel agonist Bay K 8644 (1 ,uM, a), and in the presence of calcium channel antagonist nisoldipine (1 ,M) with the continued presence of the Bay K 8644 (A). The peak current at 0 mV in this experiment was -55 pA (control), -125 pA (Bay K 8644), and -68 pA (nisoldipine+Bay K 8644). The inward currents dis-played relatively slow inactivation kinetics. Panel B illustrates the mean current-voltage relation for four experiments under similar conditions. The activation range for the inward current occurred near -50 mV, reached a maximum current near 0 mV, and reversed near +40 mV. These properties are characteristic of the high-threshold dihydropyridine-sensitive calcium currents described in other smooth muscle preparations2-4 and suggest that L-type Ca2+ currents contribute significantly to the inward currents observed in renal arterial smooth muscle cells.
Pharmacological Properties of Outward K+ Currents
Inhibition of Ca2+ influx. Studies were performed to examine the Ca2+ sensitivity of the two components of outward current. Inorganic Ca2+ channel blockers were chosen because dihydropyridine antagonists (0.5-5 ,uM) have recently been shown to inhibit calciumindependent K+ currents in excitable cells,19 and in addition, we wanted to ensure that Ca2+ influx through both T-and L-type Ca2+ channels was prevented. Figure 5 illustrates the effects of bath-applied NiCl2 (500 ,uM), CdCl2 (300 ,M), and EGTA (5 mM, no added Ca2+), all of which would inhibit Ca2+ influx into the cells.20,21 Both voltage-step (inset) and ramp depolarizations are shown for each experimental intervention. In the control condition ( Figure 5A ), the two components of time-dependent outward current could be distinguished by using both voltage-step and ramp protocols. The first component of outward current was activated near -40 mV and was small in amplitude, and the current noise was minimal. The second component of outward current was activated positive to +10 mV and was large in amplitude and extremely noisy. In the presence of NiCl2 ( Figure SB ), CdCl2 ( Figure SC ), or EGTA with no added Ca2+ ( Figure SD) , the large noisy component of outward current was reduced. During both the voltage-step and ramp protocols, there was far less current noise than was present in the control condition. The less noisy component of outward current that activated at more negative membrane potentials was relatively insensitive to these agents. At + 10 mV, where a majority of the outward current was of the low-noise component of current, none of the Ca2+ channel inhibitors had a significant effect on the outward current (n=5 for each Ca2+ channel blocker). However, at +60 mV the Ca2+ channel inhibitors significantly inhibited the outward current and reduced current noise. EGTA (5 mM), NiCl2 (500 ,M), and CdCl2 (300 ,uM) decreased the current at +60 mV by 23% (n=5, p<0.05), 30% (n=5, p<0.05), and 33% (n=5,p<0.05), respectively. These data suggest that the large noisy component of outward current that was activated at more positive potentials was Ca2+ sensitive; this current is referred to as IK(ca); the second, small, low-noise component of outward current was relatively Ca2+ insensitive. Since 1KSCa) is a large, noisy, voltageand time-dependent, Ca +-sensitive current, it most likely can be attributed to the opening of large conductance Ca2+-activated K+ channels that have been studied in many smooth muscle preparations. [22] [23] [24] [25] [26] The small low-noise component of current was also voltage and time dependent, displayed a smaller slope conductance than IK(Ca), and resembled the delayed rectifier K' current in portal vein cells91' and cerebral artery cells.12 Because of its relative lack of Ca2`sensitivity and its activation kinetics, this current is referred to as lK(dr) for the delayed rectifier.
Effects of K' channel blockers. Further evidence that the macroscopic currents, IK(Ca) and lK(dr), are carried by two distinct single-channel conductances was obtained from experiments that examined their sensitivity to K' channel blockers. An experiment with TEA is illustrated in Figure 6 . TEA (0.1-0.5 mM), in a dosedependent manner, selectively decreased the amount of current (IK(Ca)) elicited during strong depolarizations with voltage steps or ramps (panels A and B) and reduced the current noise at these positive potentials. In contrast, currents elicited by depolarization to potentials of + 10 mV were relatively insensitive to TEA over this concentration range. However, higher doses of TEA (0.5-5 mM) also inhibited IK(dr) at these more negative potentials. To quantitate the differential sensitivity of IKFCa) and dK(dr) to TEA, the inhibition of outward current was compared at depolarizations to +60 and +10 mV. Mean concentration-response curves for the inhibition of the two components at + 10 mV (-) and +60 mV (a) are illustrated in Figure 7A .
The percentage of current in the presence of TEA as a fraction of its control value (I/Ima,) at the two potentials is given by
The data points were well fit by this equation, consistent with a 1:1 binding of TEA to a receptor with a K1 (fitted by a least-squares algorithm) of 307 ,LM at +60 mV and 908 ,uM at +10 mV (n=6). Thus, TEA exhibited two different blocking sensitivities at the two membrane potentials, with that recorded at +60 mV being more sensitive to the drug. These data are consistent with TEA's inhibiting two different single-channel conductances.
In other experiments, block of K+ currents by 4-AP was examined. At all concentrations examined, 4-AP appeared to preferentially inhibit the low-noise current (IK(dr)), which activated at negative potentials (Figure 8 , see arrow). The current noise of IK(Ca) at positive potentials was little affected by the application of 4-AP; however, a small decrease in current at +60 mV was observed. This decrease in total outward current was attributed to block of IKdr), which may also contribute current at positive potentials. Mean concentrationresponse curves for the inhibition of IK(dr) by 4-AP at Figure 7B . The points are well fit by Equation 1, consistent with a 1:1 binding of 4-AP to a receptor with a Ki (fitted by a least-squares algorithm) of 723 ,uM at + 10 mV (n =6). At positive potentials, the highest dose of 4-AP produced only a 20% reduction in total current. Charybdotoxin has been suggested to be a selective high-affinity blocker of large-conductance Ca2+-activated K' channels in a number of smooth muscle preparations. 27 We used this compound to also assess the contribution of large-conductance Ca 2+-activated K' channels to the macroscopic currents. An experiment with charybdotoxin is illustrated in Figure 9 . During both voltage-step ( Figure 9A ) and ramp ( Figure  9B) concentration was increased to the millimolar range, a slight reduction oftotal outward current was observed atpositive membrane potentials (see textfor details). Panel B: 4-AP significantly inhibited only the delayed rectifier outward K' current (arrow) and had no effect on the noise of the Ca2-activated outward K' current during ramp depolarizations. The pipette solution contained 0.1 mM EGTA. through the channel. 27 These results provide further evidence that the macroscopic currents in renal arterial cells can be attributed to the activation of at least two distinct K' channel conductances.
Single K' Channel Currents
The single channels underlying IK(ca) and IK(dr) were investigated in cell-attached patches. Cell-attached patches were used to keep "normal" cellular constituents and the Ca 2+ concentration of the cell as physiological as possible during depolarizing pulse protocols. Single-channel currents were studied in patches with 140 mM K' (Figure 10 ) and 5.4 mM K' (Figure 11 ) in the patch pipette. Two different patches with 140 mM K' in the patch pipette are illustrated in Figure 10 . Single-channel currents were elicited from a patch holding potential of -80 mV to the potentials at the left of the figure. Figure 10A Figure lOB shows the mean current-voltage relation for both the large (0) and small (a) conductance channels in several patches. The mean slope conductance for the large and small channels was 232±12 pS (n=15) and 104±8 pS (n=6), respectively. The data points in symmetrical 140 mM K' were fit by linear regression analysis, and a permeability (PK) of 3.42xl10`cm/sec (large conductance channel) and 2.00x 10`cm/sec (small conductance channel) was calculated from
IK=PKEF2[K+]/(RT)
(2) where IK is the potassium current, E is the membrane potential, F is Faraday's constant, R is the gas constant, and T is absolute temperature (OK). Figures 11 and 12 demonstrate the voltage-dependent activation of both the large and small (arrows) conductances in the same cell-attached patch elicited by voltage-step ( Figure 11 ) or ramp depolarizations ( Figure  12 ). In these experiments, an asymmetrical K' gradient was used (5.4 mM K' in the patch pipette) to mimic normal physiological conditions. Under these conditions, the mean current-voltage relation displayed outward rectification, and the reversal potential shifted in a manner predicted by the Nernst equation for K', suggesting a high permeability of these channels for K' over Na+ (Figure 11 ). With a physiological K' gradient, the mean slope conductance (fit by linear regression analysis between +20 and +80 mV) was 130±17 pS (n = 10) and 57+6 pS (see arrows, n =7) for the large and small conductance channels, respectively. The channel Figure liB ) provided a good description of the currentvoltage relation for these data, suggesting that the outward rectification can be attributed to the asymmetrical K' gradient. In all of the voltage-ramp protocols, the small conductance channel (arrows) was more often observed at the more negative membrane potentials (Figure 12 ).
Pharmacological Properties of the K'
Channel Conductances Effects of extracellular TEA. Figure 13 shows data from two cell-attached patches in which TEA (250 ,uM) was absent (left panel) or included (right panel) in the patch pipette. Both patches were held at a patch potential of +60 mV, and 140 mM K+ was used in the patch pipette to maximize the current through single K+ channels. In the absence of TEA, there were two unitary single-channel current amplitudes in this patch of membrane. The mean single-channel current for the large and small (arrows) conductance levels at +60 mV were 12.0±0.8 pA (n=10) and 6.5±+0.9 pA (n=7), respectively, corresponding to conductances of 200 and 108 pS, respectively. With TEA present in the pipette, there was block of the large conductance channels; the smaller conductance channels were little affected. of TEA (250 ,uM) , the mean single-channel currents for the large and small conductance levels at +60 mV were 6.4±+1.6 and 5.2+0.6 pA, respectively (n=6). This decrease in the current level of the large channel was similar to the "flicker-type" block reported for the large conductance Ca2+-activated K+ channel in other smooth muscle cells.22,24,28-30 Although there might have been a slight blocking effect of TEA (250 ,uM) on the small channel, it was not significant. Thus, because of its single-channel conductance, its voltagedependent activation during voltage-clamp protocols, and its TEA sensitivity, the large channel in cellattached patches was regarded as similar to the large conductance Ca2+-activated K+ channel and was responsible for the macroscopic IK(Ca).
Effects of extracellular 4-AP. 4-AP was first shown to block delayed rectifier K+ channels in cockroach axons.3' Subsequently, 4-AP was found to inhibit delayed rectifier K+ channels in the squid giant axon, the frog node of Ranvier, and molluscan neurones.32 Most recently, 4-AP was demonstrated to inhibit the delayed rectifier current in rabbit portal vein" and cerebral artery cells.12 Figure  14 illustrates the effects of the bath application of 4-AP (5 mM) while recording from a cell-attached patch with physiological K+ gradients (5.4 mM K+ in the patch pipette). 4-AP is membrane permeant and can block from internal as well as external sites.33 Before 4-AP (left panel), both large and small (arrows) conductance channels were present. After bath application of 4-AP (right panel), the activity of the smaller conductance channel was not observed. Block of the small conductance channel was reversible on washout (n=5), similar to the channel block demonstrated in the whole-cell current experiments (Figure 8 ). Under these conditions, 4 Graph showing mean current-voltage relations for the large (a) and small (m) conductance channels from severalpatches. Mean slope conductances were 232+12 pS (n=15) and 104+7.9 pS (n=6) for the large and small channels, respectively. Data points were fit by linear regression. The lack of effect of 4-AP on large conductance Ca'+activated K' channels is similar to that reported in rabbit portal vein34 and bovine trachea. 35 Thus, because of the sensitivity of the smaller conductance channel to 4-AP and its voltage-dependent activation, we conclude that this channel is responsible for the macroscopic IK(dr).
Discussion
In isolated canine renal arterial cells, an inward current and two distinct macroscopic components of outward current were identified during voltage-step or ramp depolarizations. The inward current was carried by Ca2' and was sensitive to dihydropyridine agonists and antagonists. Net outward currents reversed near the predicted EK and could be separated into two K' current components: 1) a relatively small, voltageand time-dependent, low-noise K' current and 2) a large, voltageand timedependent, noisy K' current. These currents were termed IK(dr) and IK(c), respectively. K' current that was activated negative to + 10 mV was mainly IEdr) and was blocked by 4-AP and millimolar concentrations of TEA. K+ currents that were activated with strong depolarizations to positive potentials were slightly, but not significantly, inhibited by 4-AP; however, these currents, which contain both lMdr) and IKCa), were significantly inhibited by micromolar concentrations of TEA, Ca2+ channel blockers, and charybdotoxin.
Delayed Rectifier Current
An outwardly rectifying, timeand voltage-dependent current that was activated near -40 mV ( Figure 2 ) was detected in renal artery cells and termed IK(dr). IK(dr) does not seem to be regulated by Ca 2 influx from the extracellular space, since application of the Ca21 channel blockers NiCl2 or CdCl2 or the Ca21 chelator EGTA displayed no effect on lK(dr) ( Figure 5 ). There was little inactivation of IK(dr) during either voltage-step or ramp protocols; however, the inactivation of this current may be temperature sensitive. In a series of pharmacological assays, IK(dr) was inhibited by 4-AP (K1, 723 ,uM; Figures 7 and 8) and TEA (K1, 908 ,uM; Figures 6 and 7) . Finally, in cell-attached patches, a voltage-dependent K' channel with a slope conductance of 57 pS was recorded in physiological K' gradients ( Figures 12-14) , which was fully blocked by 4-AP (5 mM).
IK(dr) has not been extensively studied in vascular smooth muscle cells as compared with other cells.32 IK(dr)
is similar to the 4-AP-sensitive current identified in rabbit portal vein," pulmonary artery,7 and cat cerebral arteries.'2 However, the currents recorded in the above tissues were insensitive to TEA blockade, and the single-channel conductance of the portal vein delayed rectifier current was approximately 5 pS. Because of the pharmacological sensitivity of IK(dr) to both 4-AP and TEA, the renal arterial delayed rectifier current was considered more similar to those currents reported in both the large (0) and small (m) conductance channels. The mean slope conductances between +20 and +80 mV were 130±17pS (n=10) and 57±6.1 pS (n=7) for the large and small channels, respectively. The data were fit to Equation 3. myelinated nerve, skeletal muscle, and molluscan neurone. [36] [37] [38] In smooth muscle, there are similarities between the 57 pS channel described here, which may underlie IK(dr), and the 50 pS K+ channel identified in longitudinal smooth muscle of the rabbit jejunum.13 Both single channels were blocked by high concentrations of TEA, were insensitive to [Ca2+]i, showed little inactivation during voltage-step depolarizations, and exhibited voltage-dependent gating. In the renal artery, IK(dr) may be the first activated K+ current to cause membrane hyperpolarization and initiate muscle relaxation. These channels may be activated when stimuli that contract the muscle via mechanisms that do not depolarize the muscle to a great extent or cause Ca2' influx are present. Because its activation range is more negative than that of IK(Ca), IK(dr) could activate in response to small depolarizing stimuli and help repolarize the membrane potential.
Ca 2k-Activated K' Current IK(ca) described in renal artery smooth muscle cells resembles that recorded in a number of other smooth muscle cells.2-4 IK(Ca) was activated at potentials greater than +10 mV (Figure 2 ), demonstrated voltageand time-dependent activation, and was large in amplitude and quite noisy. Application of the Ca2+ channel blockers NiCl2 or CdCl2 or the Ca2+ chelator EGTA significantly inhibited lK(Ca) suggesting that this component of outward current is sensitive to Ca 2+ influx from the extracellular space presumably through voltage-dependent Ca2+ channels ( Figure 5 ). Like lK(dr), IK(Ca) showed little inactivation during either voltage-step or ramp protocols. Furthermore, IK(Ca) was quite sensitive to TEA (Ki, 307 ,uM; Figures 6 and 7) and charybdotoxin ( Figure 9 ) but insensitive to 4-AP (Figure 8 ). In cellattached patches, a voltage-dependent K' channel with a slope conductance of 130 pS was recorded in physio- One concern that should be considered in evaluating the experiments using K' channel blockers is the possibility that the differential voltage sensitivity we observed might be related to the known voltage-dependent blocking properties of these agents. TEA blockade of smooth muscle and non-smooth muscle large conductance Ca2'activated K' channels28'30.39 and delayed rectifier K' channels32.36 is voltage dependent. For external TEA, depolarization that elicits an increase in K' efflux can cause the TEA molecule to be knocked out of its external binding site.3240 This effect cannot explain our data, which showed that at +60 mV TEA has a greater affinity for block of outward K+ currents. Similarly, 4-AP inhibits delayed rectifier K+ channels in a voltage-dependent manner in many cell types. 32 The mechanism of 4-AP block is quite different from TEA block and is not affected by the knockout phenomenon observed with TEA. The block by 4-AP is manifest in a complex manner influenced by membrane potential and stimulation frequency. 4-AP block is also relieved with strong depolarizations and increased frequency of stimulation.33 Although we cannot completely rule out voltage-dependent block by 4-AP in our experiments, the observed voltage-dependent block of macroscopic currents is more likely due to selective inhibition of IK(dr), since 4-AP only blocked small conductance channels in cell-attached patches (Figure 14 ). This interpretation is also supported by experiments with charybdotoxin, which selectively inhibited the large noisy component of macroscopic current (IK(ca)) at positive membrane potentials.
Inward Ca2' Current
The inward Ca2+ current recorded in canine renal artery cells may be similar to other Ca 2+ currents recorded in smooth muscle cells.2 4 The Ca2+ current in renal arterial cells displays slow inactivation kinetics and was sensitive to Bay K 8644 and nisoldipine ( Figures 2 and 3) . The role of L-type Ca2+ channels in renal artery may be to mediate contractions elicited by membrane potential changes due to agonist-induced contraction. It has been demonstrated in other smooth muscle cells that agonist binding increases open probability of L-type Ca21 channels,3 which may be the case in renal artery.
The activation of inward Ca21 current may be responsible for the Ca2+ that stimulates IK(ca) during a depolarization, since IK(Ca) was reduced when Ca2+ influx through voltage-dependent Ca2+ channels was inhibited ( Figure 5 ). However, it has been proposed that the peripherally located sarcoplasmic reticulum of vascular smooth muscle cells is capable of rapidly accumulating Ca2+ that accompanies depolarization or agonist-induced contractions, thereby acting as a superficial buffer barrier.4' The superficial buffer barrier hypothesis predicts that there may be some dissociation between the voltage dependence of Ca2+ entry through Ca 2 channels and the activation of Ca2+-dependent K+ channels in smooth muscle cells if the superficial sarcoplasmic reticulum, by buffering Ca`influx, sets resting cytoplas-mic Ca2`concentration. This phenomenon may partially account for the apparent dissociation we observed between the voltage dependence of Ca2' channels and the activation of Ca2'-activated K' channels in renal arterial cells.
In conclusion, we have demonstrated the existence of two distinct components of outward current and one component of inward current. The outward components of current were carried by K' and separated by their kinetic, pharmacological, and single-channel characteristics. The inward current is carried by Ca2' and is sensitive to both dihydropyridine agonists and antagonists. There is the possibility that other types of Ca2' and K' currents in addition to these described exist in renal arterial cells. For example, we have not yet excluded the possibility that some of the inward current activated during depolarizing voltage-clamp pulses may be dihydropyridine insensitive. There also appears to exist in renal arterial cells a component of macroscopic K' current42 analogous to the quasi-instantaneous background K' current described in rabbit portal vein.9 Future studies of these membrane currents, their underlying single channels, and the hormonal regulation of various ionic conductances in the renal vasculature are planned. These studies should provide new mechanistic information related to the physiological and pathophysiological regulation of renal blood flow.
